Active control of the mediolateral location of the feet is an important component of a stable bipedal 20 walking pattern, although the roles of sensory feedback in this process are unclear. In the present 21 experiments, we tested whether hip abductor proprioception influenced the control of mediolateral gait 22 motion. Participants performed a series of quiet standing and treadmill walking trials. In some trials, 80 23
Introduction 38
Stable human walking requires appropriate mechanical interactions with the environment, 39 influenced in part by the locations of external forces acting on the body. The particular importance of 40 adjustments in the mediolateral location of the feet for maintaining bipedal gait stability has been 41 supported by human walking experiments (MacKinnon and Winter 1993; Bauby and Kuo 2000) , model 42 simulations (Townsend 1985 ; Redfern and Schumann 1994; Kuo 1999) , and the development of walking 43 robots (Hobbelen and Wisse 2009). By appropriately adjusting their mediolateral foot placement relative 44 to their center of mass (CoM) (hereby referred to simply as mediolateral foot placement), humans may 45
seek to maintain a "margin of stability" between their base of support and their ongoing CoM motion 46 (Hof et al. 2005; Hof 2008 ). In fact, trunk or pelvis mechanics (proxies for CoM mechanics) can be used 47 to predict both step width and mediolateral foot placement during an ongoing step (Hurt et al. 2010; 48 Wang and Srinivasan 2014). 49
We have recently reported direct evidence for a neuromechanical gait stabilization strategy 50 standing causes sway away from the vibrated side, a response to the perception of a more adducted hip 87 angle corresponding to GM stretch (Popov et al. 1999) . 88
In order to better understand how humans successfully maintain mediolateral stability while 89 walking, we must determine whether motor behavior is shaped by specific sources of sensory feedback 90 providing information about the mechanical state of the body. Such an understanding may allow the 91 future development of techniques to improve gait stability in the many clinical populations with altered 92 sensorimotor function. The purpose of the present experiment was to determine whether 93 proprioceptive feedback from the hip abductors influences the control of mediolateral gait motion. Such 94 control may be evident either through changes in the position of the pelvis relative to the stance foot 95 (indicating active control with the stance leg), or changes in mediolateral foot placement location (active 96 control with the swing leg). We applied brief periods of intermittent vibration to the right GM during 97 either the stance or swing phase. Stance phase vibration was intended to generate the perception that 98 the pelvis was closer mediolaterally to the stance foot, as would be the case with a more adducted 99 stance leg. Swing phase vibration was intended to generate the perception of a more adducted swing 100 leg hip angle. 101
We hypothesized that GM vibration would influence frontal plane movement during gait in two 102 7 eyes closed, and feet parallel and as close together as possible without touching. Vibration was applied 133 during the middle 20-second period, preceded and followed by 20-second periods without vibration. 134 Participants were given one minute of rest between trials, in which they were permitted to move 135 around before returning to the testing position. 136
We focused on the effects of GM vibration on frontal plane motion, as this muscle appears 137 particularly important for lateral postural stability (Gilles et al. 1999) . Mediolateral center of pressure 138 (CoP) location was calculated from force plate data collected at 1000 Hz. Mediolateral center of mass 139 (CoM) location was estimated from the position of a single LED marker (Phase Space; San Leandro, CA) 140 placed over the sacrum and collected at 120 Hz. Both CoP and sacrum position data were low-pass 141 filtered at 10 Hz. 142 143
Walking Trials 144
Participants performed a series of treadmill (Bertec; Columbus, OH) walking trials at 1.25 m/s, a 145 typical preferred speed during treadmill walking. For all trials, participants wore a harness that did not 146 support body weight, but would have prevented a fall in case of a loss of balance. Participants first 147 performed a 10-minute walking trial to become accustomed to walking on the treadmill (Zeni and 148 Higginson 2010), followed by four walking trials in which data were collected, each separated by three 149 minutes of rest. The first and final recorded walking trials were 5-minute control trials in which vibration 150 was not applied. The purpose of these trials was to determine whether gait behavior changed over the 151 course of the experiment, possibly due to either exposure to vibration or repeated periods of walking. 152
The other two trials included vibration periodically applied to the right GM; in one trial these 153 perturbations occurred when the right leg was in stance (stance phase vibration), and in the other trial 154 these perturbations occurred when the right leg was in swing (swing phase vibration). Both of these 8 During walking trials, the timing of vibration was controlled using pressure-sensitive foot 157 switches (Motion Lab Systems; Baton Rouge, LA) placed under the left and right heels. Stance phase 158 vibration was turned on at right heel-strike and off at left heel-strike (during the period defined as a left 159 step), so the vibration ended slightly before the right foot left the ground. Swing phase vibration was 160 turned on at left heel-strike and off at right heel-strike (defined as a right step), so this vibration was also 161 delivered for a short time period while the right leg was in pre-swing. While there was a short delay (~40 162 ms) between heel-strike events and the motors turning on or off, the periods of applied vibration closely 163 corresponded to the intended gait phases. Vibratory perturbations were not delivered in every step, but 164 were instead separated by a random period of time (between 6-10 seconds), preventing participants 165 from anticipating their delivery. Approximately 70 perturbations were applied over the course of the 10-166 minute trials. Quantifying the average response to this large number of perturbations would potentially 167 allow us to detect relatively small effects, which otherwise may be masked by the natural variability in 168 gait behavior. 169
We used a motion capture system (PhaseSpace; San Leandro, CA) with spatial resolution of 0.1 170 mm to characterize mediolateral motion during gait. Active LED markers placed on the sacrum, left heel, 171 and right heel were sampled at 120 Hz and low-pass filtered at 10 Hz. Heel-strike and toe-off events 172 were identified from anteroposterior velocity of the heel markers (Zeni et al. 2008). The sacrum marker 173 was used to approximate the mediolateral position of the CoM. While this is a simplification, recent 174 experiments found that the mediolateral position of a single sacrum marker was highly correlated 175 (r>0.97) with CoM position calculated from full-body kinematic data during both normal and 176 mechanically perturbed walking (Yang and Pai 2014) . For each step, we calculated the mediolateral foot 177 placement location, sacrum displacement relative to the stance foot, and step width (Fig. 1 ). The 178 mediolateral foot placement location was calculated as the mediolateral distance between the swing 9 (Balasubramanian et al. 2010; Rankin et al. 2014 ). Sacrum displacement served as a measure of the 181 relative posture between the stance leg and pelvis. For each step, we also calculated step period and 182 step length. 183
We also estimated the mediolateral "margin of stability", a measure of growing popularity 184 which accounts for both the position and velocity of the CoM to predict whether the CoM will move 185 lateral to the base of support and cause a potential loss of balance (Hof et al. 2005; Hof et al. 2008) . We 186 calculated an estimate of mediolateral margin of stability for each step upon heel-strike, when this 187 metric is typically near-minimal (Hof et al. 2007; Rosenblatt and Grabiner 2010) . Our small number of 188 kinematic markers prevented us from using the typical method of calculating CoM position and velocity 189 from a multi-segment model and approximations of normal human anthropometry, and of quantifying 190 the borders of the base of support from the boundaries of the feet. Instead, we simply used the sacrum 191 marker to approximate CoM motion, and the heel markers to approximate the base of support. Our 192 results will thus not be directly comparable to previous reported values (likely underestimating the 193 actual margin of stability). However, our approach will detect changes in margin of stability caused by 194 altering the frontal plane position of the swing leg with respect to the midline, the focus of this study. 195
We first approximated the extrapolated center of mass (xCOM) using the sacrum mediolateral position 196 (X sacrum ) and velocity (V sacrum ) (Eq. 1). As is standard with this approach, we accounted for differences in 197 to more closely correspond to the kinematic measures of interest during walking trials. We calculated 223 the average mediolateral sacrum position during the 20-second periods before, during, and after 224 vibration. To account for any differences in initial position on the force plate across participants, we 225 subtracted the average position during the first 20-second period. We used a repeated measures one-226 way ANOVA to test whether time period (before, during, after vibration) had a significant effect on 227 average sacrum position. In case of a significant main effect (p<0.05), we used Tukey-Kramer post-hoc tests to identify any significant differences between individual time periods. Fluctuations in the sacrum 229 position over time due to normal sway made identifying the beginning and end of the vibration-evoked 230 sway difficult in individual trials. Therefore, we estimated the time course of the vibration effects using 231 the group average trace of sacrum position over time. We calculated the delay between the onset of 232 vibration and the start of continuous (>0.5 seconds) leftward sway. We also calculated the duration of 233 this initial sway period before the sacrum stopped moving continuously to the left. 234
During walking trials, we first investigated whether gait characteristics during unperturbed steps 235 differed across trials and between the right and left legs. For each individual, we quantified average 236 bilateral mediolateral foot placement location, sacrum displacement, step width, estimated margin of 237 stability, step period and step length for: 1) all steps in the first control trial; 2) steps immediately 238 preceding the vibratory stimulation during swing vibration trials (to minimize any potential effects of 239 prior vibration); 3) steps immediately preceding the vibratory stimulation during stance vibration trials; 240 4) all steps in the final control trial. We tested whether each of these gait characteristics was influenced 241 by trial number or leg side using a two-way repeated measures ANOVA with interactions. Where 242 appropriate, we used Tukey-Kramer post-hoc tests to identify significant differences between individual 243
trials. 244
We also investigated the direct effects of the vibratory perturbations. We quantified the average 245 mediolateral foot placement location, sacrum displacement, step width, estimated margin of stability, 246 step period, and step length for the two steps preceding the perturbation (baseline), the perturbed step 247 itself, and the three steps following the perturbation. As even large mechanical perturbations are 248 corrected within two steps (Rankin et al. 2014), we expected that this would be sufficient to quantify the 249 response to our relatively weak sensory perturbations. A repeated measures one-way ANOVA was used 250 to test whether step number influenced these metrics for each leg. If a significant main effect (p<0.05) 251 was present, we used Tukey-Kramer post-hoc tests to determine whether individual steps differed 252 significantly from the preceding baseline values. 253
254

Results
255
Standing Posture 256
Vibration of the right GM typically caused participants to sway away from the applied vibration. 257
Both the sacrum and CoP exhibited similar changes in mediolateral position over time, moving to the left 258 when vibration was turned on and to the right when vibration was turned off ( Fig. 2A ). Three of the 259 sixteen participants did not follow this typical pattern, and were excluded from further analysis. These 260 three non-responsive individuals (1 male, 2 females) had a body-mass index similar to that of the 261 responsive participants (24.2 kg/m 2 for non-responders and 23.6 kg/m 2 for responders), suggesting that 262 differences between these groups were not simply due to varying amounts of adipose tissue at the hip. 263
For the remaining thirteen participants, average sacrum position was significantly (p<0.0001) influenced 264 by time period (Fig. 2B ). Based on the group average sacrum trace, the initial period of sway induced by 265 vibration started 0.27 seconds after vibration onset and lasted 1.81 seconds, with the sacrum moving 266 6.8 mm to the left during this time period. During the remaining period of vibration, there was a trend 267 for participants to sway slightly back toward their initial mediolateral position. After the vibration was 268 turned off, a subsequent period of clear sway lasted 2.05 seconds, with the sacrum moving 7.5 mm to 269 the right. 270 271
Across-Trial Changes in Unperturbed Step Characteristics 272
To determine whether the preferred gait pattern changed across the four walking trials, we 273 compared control trial steps with unperturbed steps during the vibration trials (Table 1) . None of the 274 measures of mediolateral gait motion (mediolateral foot placement, sacrum displacement, step width, 275 or estimated margin of stability) varied significantly across walking trials (p≥0.56). In contrast, both step 276 period (p=0.009) and step length (p=0.024) were significantly influenced by walking trial, as participants 277 walked with longer, slower steps after the first control trial. Neither the mediolateral gait motion 278 metrics nor step period differed significantly between right and left steps (p≥0.24), although right steps 279 were slightly longer (p=0.032). Gait symmetry did not change over the course of the experiment, as the 280 interaction between trial number and leg side did not have a significant influence on any of the 281 quantified gait metrics (p≥0.17). 282 283
Direct Effects of Sensory Perturbations 284
Vibration of the right GM during steps taken with the left leg (stance phase vibration) influenced 285 gait behavior. The results of all statistical tests are presented in the legend of Figure 3 . Here, we describe 286 the notable chronological effects of stance phase vibration through comparisons with the preceding 287 unperturbed steps. During the left step in which vibration was applied, the left foot was placed more 288 medially than normal ( Fig. 3B ), but the displacement of the sacrum with respect to the stance (right) 289 foot was not altered (Fig. 3C ). This caused a narrower than normal step ( Fig. 3D ) and reduced the 290 estimated margin of stability ( Fig. 3E ). Due to these changes in the body's frontal plane configuration, 291 the sacrum began the next right step relatively close to the left stance foot. This altered body 292 configuration did not cause significant changes in mediolateral foot placement location during this right 293 step ( Fig. 3B ), but did cause the sacrum to also end this step relatively close to the left stance foot (Fig.  294 3C). This combination caused an insignificant trend for this right step to be narrower than normal ( Fig.  295 3D), but had no apparent effect on the estimated margin of stability ( Fig. 3E ). All of these mediolateral 296 gait motion metrics returned to the baseline level (defined by the steps preceding the perturbation) 297 after a maximum of two steps.
Step period and step length were not influenced by the stance phase 298 vibration ( Fig. 3F-G) . 299 gait behavior, with the results of statistical tests presented in the Figure 4 legend. During the right step 301 in which vibration was applied, the right foot was placed more laterally than normal ( Fig. 4B ), while the 302 sacrum was closer to the left stance foot at the end of the step (Fig. 4C ). This combination had no net 303 effect on step width (Fig. 4D) , but significantly increased the estimated margin of stability ( Fig. 4E ). Due 304 to these adjustments in the body's frontal plane configuration, the next left step began with the sacrum 305 relatively far from the right stance foot. During this next left step, there was an insignificant trend for 306 the left foot to be placed more laterally (Fig. 4B ), and the sacrum ended the step relatively far from the 307 right stance foot ( Fig. 4C) . These changes caused a wider step ( Fig. 4D ) and a larger estimated margin of 308 stability ( Fig. 4E ). Additionally, there was a trend that did not reach the level of significance for this left 309 step to have a shorter step period ( Fig. 4F ). Again, all of the metrics affected by the vibration were not 310 significantly different from their baseline values after a maximum of two steps.
Step length was not 311 influenced by the swing phase vibration (Fig. 4G) . from the stance foot at the end of the step did not change. Therefore, participants apparently did not 341 respond to the perception of a more adducted stance leg by "correcting" this hip position, which would 342 involve abducting the stance hip and pushing the midline away from the stance foot (Pandy et al. 2010) . 343
While it is somewhat surprising that a proprioceptive perturbation did not elicit a response at the joint 344
where it was delivered (the stance hip), this can perhaps be explained by the relative ease of 345 repositioning the swing hip. Adjusting only the swing leg position does not require the inertia of the 346 torso to be accelerated and can occur gradually over the entire step period, and is thus predicted by model simulations to require little energy (Kuo 1999) . The combination of this more medial foot 348 placement and no adjustment of pelvis motion caused a narrower step and a smaller estimated margin 349 of stability, although these changes were never sufficient to cause an obvious loss of balance. The lack of 350 an apparent response at the stance hip may also be partially due to the altered mechanical state 351 compared to during bipedal standing posture. Specifically, the ongoing frontal plane joint motion and 352 increased abductor contraction strength at the stance hip may have reduced the perceptual effects of 353 the vibration, although the simultaneous swing leg adjustments indicate that perception was still 354 somewhat perturbed. 355
While likely intended as a corrective response to the false perception of pelvis motion, the 356 altered foot placement which accompanied stance phase vibration may itself be considered a 357 mechanical perturbation. The more medial left foot placement during the vibrated step caused 358 participants to begin the next step in a slightly different configuration, with the sacrum closer to the 359 new (left) stance foot. Likely due to this altered initial position, participants also ended the subsequent 360 right step with the sacrum remaining closer to the stance foot. However, this smaller displacement 361 between the pelvis and left stance foot did not cause significantly more medial right foot placement 362 during this right step, as would be expected from the relationship described above (Rankin et al. 2014; 363 Wang and Srinivasan 2014). The simplest explanation for this lack of an effect is that the relatively small 364 change in pelvis location (~2 mm) was not sufficient to require a contralateral response. Of course, this 365 explanation implies that our stance phase vibration must have evoked the perception of a larger change 366 in pelvis displacement, which we are presently unable to quantify directly. 367
Swing leg proprioceptive feedback also contributed to the control of mediolateral gait motion, 368 influencing both the swing and stance legs. Swing phase GM vibration caused the vibrated swing leg to 369 be placed more laterally, suggesting that humans monitor GM proprioceptive feedback during the 370 process of taking a step. Vibration likely generated the perception of a more adducted hip angle during the swing phase, which participants then responded to by repositioning the leg to a more abducted 372 angle, resulting in more lateral foot placement. Such a result is similar to the use of proprioceptive 373 feedback during accurate upper extremity reaching tasks (Sarlegna and Sainburg 2009 ). Simultaneous 374 with this adjustment of swing leg position, swing phase GM vibration also influenced behavior of the 375 unvibrated stance leg, as the sacrum was held in closer proximity mediolaterally to the stance foot. This 376 contralateral response can also be explained by the perception of a more adducted swing leg; 377 participants may have sought to prevent the pelvis from moving too far toward the right leg due to the 378 perceived risk of a more medial foot placement location. The dual responses to swing phase vibration 379 (more lateral foot placement and holding the pelvis closer to the stance leg) combined to have no net 380 effect on step width, although the estimated margin of stability increased significantly. 381
As with stance phase vibration, the corrective responses to swing phase vibration appear to 382 have perturbed the subsequent step. Due to the lateral foot placement during the vibrated step, the 383 next left step began with the pelvis slightly farther mediolaterally from the right stance foot. This 384 increased displacement persisted through the left step, which ended with the pelvis still slightly farther 385 from the stance foot than during unperturbed steps. Although neither effect reached the level of post-386 hoc significance, there was a trend for this left step to be placed more laterally and to have a shorter 387 stride period than normal. Both of these mechanical changes could contribute to an increase in the Therefore, we believe that our overall results are more likely due to a behavioral response to false 420 perceptions than simple reflexes. 421
Unlike during standing posture, no after-effects of vibration were clearly evident during walking 422 trials. Within sensory perturbation trials, any significant effects of the perturbations were dissipated 423 within two steps. This rapid return to the unperturbed gait pattern is consistent with the response to 424 larger mechanical perturbations of foot placement (Rankin et al. 2014 ). The lack of any long-lasting 425 effects may be attributed to the short duration (~0.5 seconds) of the applied vibration. Across walking 426 trials, we observed no long-term changes in mediolateral gait motion, which we would expect to be 427 most strongly influenced by repetitive GM vibration. The preference for longer, slower strides after the 428 first control trial may be due to participants simply becoming more comfortable performing the contribute to the perception of pelvis mechanics relative to the stance foot. The human nervous system 457 is well equipped to combine sensory information from multiple sources, often with the apparent goal of 458 improving perception accuracy (Green and Angelaki 2010). As our perturbations would only be expected 459 to alter sensory feedback from one of these sources, the conflict between available sensory information 460 may have prevented the perturbations from having a larger effect. It is less clear whether other sources 461 of sensory information could also contribute to the perception of swing leg position. Future work should 462 investigate whether other sources of sensory feedback influence the observed two-part gait stabilization 463 strategy, possibly using similar perturbation methods to those described here. 464
In the present study, we quantified several metrics of mediolateral gait motion, which can 465 provide varying types of insight into how humans maintain mediolateral gait stability.
Step width (the 466 mediolateral distance between the feet) is commonly quantified in gait studies, as it can be measured 467 solely by identifying the points of contact with the ground (e.g. using commercially available pressure-468 sensitive mats). However, the present results demonstrate that changes in the body's mediolateral 469 configuration are not always apparent from step width. While it has been suggested that walking with 470 wider steps will increase the mediolateral margin of stability (Hof et al. 2007 ), this has not consistently 471 been the case in experimental studies Rosenblatt et al. 2012 ). Based on 472 visual inspection of Figures 3 and 4 , it appears that changes in the estimated margin of stability are more 473 closely related to mediolateral foot placement than step width. Indeed, correlating the group average 474 measures reveals that changes in the estimated margin of stability are well predicted by changes in 475 mediolateral foot placement (R 2 =0.82), but not as well predicted by changes in step width (R 2 =0.38). This 476 result suggests that wider steps will only increase the margin of stability if they are the result of more 477 lateral foot placement relative to the CoM, as would be expected from the equation used to calculate 478 margin of stability. While measuring motion of the sacrum during walking provided us with more 479 information than step width alone, the present work is somewhat limited by its lack of detailed 480 kinematic measurements. First, we were unable to calculate the actual CoM location or velocity, which 481 would require many more kinematic markers on the limbs and torso. We were also unable to calculate 482 the actual lateral boundary of the base of support, including possible adjustments to foot heading 483 (through medial or lateral rotation) which may contribute to gait stabilization (Rebula 2014 phase vibration perturbations. Vibration was applied to the right GM during a left step (labeled L 0 ). We 541 also illustrate two preceding steps (L -2 and R -1 ) and three subsequent steps (R +1 , L +2 , and R +3 ) for 542 comparison. Our three primary metrics of mediolateral gait motion (foot placement, sacrum 543 displacement, and step width) are indicated for the first left step. Any effects of vibration are not 544 obvious, as the markers appear to follow quite similar trajectories across all six steps. B) Stance phase 545 vibration had a significant effect on mediolateral foot placement for left steps (p=0.016), but not for 546 right steps (p=0.39). C) Vibration did not significantly influence sacrum displacement for left steps 547 (p=0.79), but did have a significant effect for right steps (p=0.004). D) Vibration had a significant effect 548 on step width for left steps (p=0.028), but this effect did not reach significance for right steps (p=0.064). 549 E) Vibration significantly influenced the estimated margin of stability for left steps (p=0.010), but not for 550 right steps (p=0.41). F) Vibration did not have a significant effect on step period for either left steps 551 Vibration significantly influenced sacrum displacement for both left (p<0.0001) and right (p=0.004) 565 steps. D) Vibration had a significant effect on step width for left steps (p=0.0008), but not right steps 566 (p=0.65). E) Vibration had a significant effect on estimated margin of stability for both left steps 567 (p=0.007) and right steps (p=0.003). F) Vibration had a significant main effect (p=0.023) on left step 568 periods, but no post-hoc comparisons reached the level of statistical significance. Vibration did not 569 influence right step period (p=0.11). G) Vibration did not significantly influence left Step Width (∆mm)
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